Two-dimensional laser-induced fluorescence (2D-LIF) measurements are applied to the chemical vapor deposition (CVD) of diamond by an oxyacetylene flame to visualize the distributions of atomic hydrogen, C 2 , and CN in the gas phase during diamond growth. Experiments are carried out in laminar flames and reveal that atomic hydrogen is ubiquitous at and beyond the flame front. Its presence extends to well outside the diamond deposition region, whereas the C 2 distribution is limited to the flame front and the acetylene feather. CN is found to be present mostly at the outer edge of the flame, where ambient air interacts with flame gases. The diamond layers obtained are characterized by optical as well as scanning electron microscopy (SEM) and cathodoluminescence topography (CL). Clear relations are observed between the local variations in growth rate of the diamond layer and the distribution of H, C 2 , and CN in the boundary layer just above the substrate. Further relations between CN and the morphology and the nitrogen incorporation as identified by CL of the deposited diamond layer are found as well. These relations agree with theoretical models describing the importance of the mentioned species in (flame) deposition processes of diamond. Three separate regions can be discerned in the flame and the diamond layer, where the gas phase and diamond growth are predominantly governed by the flame source gases, the ambient atmosphere, and the interaction of both, respectively.
Introduction
A relatively simple method to make sufficient amounts of radicals for chemical vapor deposition (CVD) of diamond is the use of highly exothermic reactions that take place in, for instance, flames. This idea was first utilized by Hirose in 1988, who employed an oxyacetylene combustion flame to deposit diamond on a cooled substrate under atmospheric conditions [1] . This method was soon picked up by several other groups, and the technique is now well developed to deposit polycrystalline diamond on nondiamond substrates and single crystalline diamond layers on a diamond seed crystal [2] [3] [4] [5] [6] , which is either of natural origin or grown by another CVD technique.
The commercially available welding torch used in this work yields a laminar, conical oxyacetylene flame, which impinges at normal incidence on the cooled substrate. Premixed flat flames have also been used for diamond deposition, but in general, this results in lower diamond growth rates [7] [8] [9] . Assuming chemical equilibrium in the gas phase, its composition can be calculated from the flame feed gases, which shows CO, H 2 , H, and C 2 H 2 to be the major species beyond the flame front [10] [11] [12] . These results are given only for one fixed set of deposition conditions, but recently, species and temperature profiles and the corresponding diamond growth rate and quality have been calculated for various sets of growth conditions in the laminar oxyacetylene flame, agreeing reasonably well with empirical results [13, 14] .
The mechanism of the diamond growth process on the surface is in general thought to be the following: the surface is covered by free sites and adsorbed hydrogen atoms, the latter of which can be etched away by gas-phase hydrogen atoms. At the resulting free site, CH 3 , thought to be an important growth species, can adsorb. CN and OH, if present, are considered to be important as well for hydrogen abstraction from the surface. Apart from CH 3 , the growth species may include CH, C 2 , and CN, molecules often present in flames.
The exact deposition mechanism, however, is not well known, and the two-dimensional laser-induced fluorescence (LIF) technique is used to obtain relations between the gas phase and the diamond-layer characteristics, such as growth rate, morphology, and nitrogen incorporation. The LIF method is applied because of its species specificity, high spatial resolution, nonintrusiveness, and high sensitivity. In combination with a pulsed laser and a charge coupled device (CCD) camera, laminar flames are studied in detail. The obtained information elucidates the role of flame species and their importance (or unimportance) for diamond growth. The relations between diamond growth and flame characteristics can be used as a monitor in the growth process, enabling fast feedback to obtain diamond layers with properties closer to desired for industrial applications, and reveal which parameters are important for upscaling the deposition area, another (economic) aspect of industrial application of flame growth of diamond.
Experimental Setup: Diamond Growth
The experimental setup for diamond growth combined with LIF detection during deposition is depicted in Fig. 1 . Exact experimental details are described in previous studies on H, C 2 , CH, CN, and OH [15] [16] [17] , but important parameters and their typical values are given here. The acetylene supersaturation S ac is important during diamond deposition, which is why both the oxygen and acetylene flows are regulated by mass flow controllers. S ac ‫ס‬ 0% for the neutral flame (neither fuel-rich nor oxygen-rich) and S ac Ͼ 0% in a fuel-rich flame, in which case the so-called acetylene feather is formed outside the flame front. The burner orifice diameter is 1.4 mm, and the oxygen flow is 3.0 standard liters per minute (SLM). Diamond growth can take place on the substrate, positioned in the acetylene feather, for 0 Ͻ S ac Շ 9%. For S ac տ 9%, the deposit will not contain diamond anymore but mostly amorphous carbon. In most experiments, S ac ‫ס‬ 5% is used, resulting in an acetylene flow of Ϸ2.5 SLM.
The substrate consists of a thin (0.5 mm) molybdenum square soldered to a molybdenum holder. The substrate is cooled from below by a pulsed water nozzle, which is regulated by a thermocouple located 2.5 mm beneath the center of the substrate surface. The thermocouple temperature T s is kept at 900 ‫ע‬ 1 ЊC, resulting in a deposition temperature T d at the substrate surface of 1050 ‫ע‬ 20 ЊC. Prior to deposition, the molybdenum substrate is scratched with micrometer-sized diamond powder to enhance nucleation and adhesion to the substrate of the diamond layer to be grown.
Apart from S ac and T d , the distance d between the tip of the flame front and the substrate (indicated in Fig. 1 ) is a main parameter in determining the characteristics of the obtained diamond layer. Typical values of d are between 0.5 and 3 mm, where short distances result in a high central maximum in the diamond growth rate v d (which can be more than 150 lm/h), and larger distances yield a central valley surrounded by an annulus of enhanced growth. Diamond layers deposited at a distance d of 1 to 2 mm reveal in their center a continuous area of uniform thickness and well-connected randomly oriented {111} and {100} facets. The diameter of this region is 4-5 mm. At distances d larger than about 3 mm, a so-called core zone [18] of Ϸ2.0 mm develops in the center. In this core zone, the crystallites mainly reveal {111} facets and are often much smaller than in the rest of the center. This is shown in Fig. 2a : The large crystallites in this photograph, which are of normal size, are interspersed with many much smaller ones, and they also exhibit a large amount of secondary nucleation.
Outside the center, an annular region of enhanced growth is observed, where the morphology is markedly different. This annulus typically exhibits large columnar crystallites, separated by voids or embedded in an amorphous layer, which frequently have {100} top facets almost parallel to the substrate. Outside the annulus of enhanced growth, a sharp transition zone is generally found, which is only 0.1-0.2 mm wide and can exhibit a continuous, highly {100} textured morphology. A photograph of this is shown in Fig. 2b .
Morphologies like this are of interest to many applications of polycrystalline diamond layers. Beyond this transition zone, the morphology resembles that of the central area, with the size of the crystallites rapidly diminishing toward the edge of the diamond layer.
After growth, the deposited diamond layers are characterized by optical differential interference contrast microscopy (DICM), scanning electron microscopy (SEM), Raman spectroscopy, and cathodoluminescence topography (CL), which is a technique that reveals information about the incorporation of nitrogen into the diamond layer. The diamond-layer thickness is determined by focusing the optical microscope with an accuracy of ‫2ע‬ lm at different locations of the layer. 
Laser-Induced Fluorescence Figure 1 depicts how the LIF technique is applied to the oxyacetylene flame during the deposition of diamond. The output of an Nd:YAG pumped dye laser (5-ns pulses) is directed to the flame and passes through a cylindrical telescope, resulting in a vertical laser sheet of 0.3 mm thick and several millimeters high. If necessary, frequency doubling and mixing are applied. Fluorescence is collected by a CCD camera equipped with an image intensifier (typically 20-ns exposure time), with an appropriate filter in front of it, and the signals are processed on a personal computer.
A review of the species detected by LIF in the oxyacetylene flame during diamond growth is given in Table 1 . All transitions can be excited by a dye laser, using its second or third harmonic if necessary. Only for NO excitation at 193 nm, a tunable ArF excimer laser is used. The LIF signal is proportional to the population density in the lower state of the species of interest. Quantification of the LIF signal suffers from several problems if the LIF method is used in atmospheric pressure flames. Due to collisions of the excited species with neighboring species in the flame, part of the fluorescence is quenched. The effects of temperature variations within the atmospheric pressure oxyacetylene flame on the LIF signals are complex and are therefore not taken into account in the results described next. But many results given concern relative densities in a layer parallel and close to the substrate, where the temperature is not expected to vary very much. Hence, the conclusions drawn from these results will not be affected much by neglecting temperature effects.
Results and Discussion
The distribution of C 2 in the flame during diamond deposition is shown in Fig. 3a . The distance d between the tip of the flame front and the substrate is 2.80 mm. The laser sheet extends from the substrate to about 2 mm above it. Because the background is subtracted, the flame front (total length Ϸ6 mm) is not visible in Fig. 3a . For ease of reference, however, the natural emission of the flame is converted to isophotes and superimposed on the LIF image. From this figure, it is clear that C 2 is present in the acetylene feather and that the maximum signal is found at the flame front. In the acetylene feather, the C 2 signal is more or less constant, but close to the substrate, it drops markedly and a clear central minimum can be observed.
An example of the CN LIF signal is given in Fig.  3b . If compared to Fig. 3a , it is evident that CN is located at the edge of the acetylene feather and that it is not found at or close to the flame front. This may be explained by N 2 from the ambient air diffusing into the flame and reacting with carbon-containing species created in the fuel-rich flame. Figure 3c shows the distribution of the atomic hydrogen LIF signal in nearly the whole flame. Comparison with Figs. 3a and 3b reveals H to be present inside as well as outside the acetylene feather and shows that the H LIF signal is also found at the flame front, where atomic hydrogen is created. It diffuses rapidly throughout the flame and is consumed outside the acetylene feather by reactions with ambient air. The H LIF image is recorded at a relatively small distance of d ‫ס‬ 0.85 mm, and upon close inspection, a central maximum can be discerned in the LIF signal close to the substrate.
In order to study the species distribution close to the substrate in more detail, horizontal profiles are taken from LIF images obtained at various distances d. Figure 4 shows horizontal profiles of the C 2 , CN, and H LIF signals, for each species, one at a relatively small distance d and one at a larger distance. Also shown in this figure is the lateral variation of the growth rate v d of the corresponding diamond layers, which is measured along the path of the laser beam. The behavior of the H and C 2 profiles is similar: For small distances d, a clear central maximum is found, and the LIF signal decreases more or less linearly with radial distance; and for large distances, the central maximum is replaced by a central minimum, as already discussed. The presence of atomic hydrogen, however, extends radially further than that of C 2 .
The general behavior of v d as a function of d was already discussed. In Fig. 4 , the annulus of enhanced growth is clearly visible in the variation of v d . When v d is compared to the radial distribution of H LIF signal close to the substrate, it is striking that both show a very similar radial behavior from the center all the way to the edge of the diamond layer, if the annulus of enhanced growth is not taken into account. The good agreement between the H distribution close to the substrate and v d (apart from the annulus of enhanced growth) indicates the importance of atomic hydrogen to the deposition rate of the diamond layer, which has already been studied elaborately in theory [12, [19] [20] [21] [22] . The correspondence between the C 2 profiles and v d is similar to that of atomic hydrogen, although it is limited to a smaller area. The resemblance indicates that C 2 may be important for the diamond growth rate in the center of the deposited layer [15] , which agrees to the role of C 2 as a diamond precursor, as put forward by Gruen and coworkers [23] [24] [25] . The agreement between the H and C 2 profiles and the behavior of v d has been observed for other values of d as well [15, 17] .
Inspection of Fig. 4 shows that v d drops much less rapidly with increasing distance d in the annulus of enhanced growth than in the center of the diamond layer. In addition to this, the annulus of enhanced growth and the transition zone just outside it reveal a large fraction of {100} facets parallel to the substrate, compared to the center and the outer edge of the diamond layer, as described earlier (see Fig.  2 ) and in Refs. [5, 16, 18] . These observations are strong indications that the growth mechanism in the annulus is different from elsewhere in the deposited diamond layer. The fact that the maxima in the horizontal CN profiles coincide with the annulus of enhanced growth (also found for other values of d [16] ) therefore indicates that CN or a closely related species (only one or two reaction steps away) may be important in the diamond growth process in the annulus, regarding both the morphology and the local growth rate. The influence of CN (or a closely related species) on the growth rate may be explained by the possibilities of CN and HCN to abstract adsorbed hydrogen from the growing diamond surface [26, 27] . The preferential formation of {100} facets parallel to the substrate in and close to the annulus of enhanced growth may also be related to the presence of CN or a closely related species, because similar morphologies have been observed upon nitrogen addition to flame and other diamond-growing CVD systems [26, [28] [29] [30] [31] [32] , studies in which also the positive effect of nitrogen addition to the diamondgrowth rate is described.
After growth, the diamond layers are examined by CL to study the incorporation of nitrogen as nitrogen-vacancy pairs into the diamond lattice. Depending on the exact deposition conditions, the nitrogen incorporation in the center of the diamond layer is medium to completely absent, but in the annulus of enhanced growth, a maximum nitrogen incorporation is always found [16, 18] . This coincides with the behavior of the CN LIF signals, as previously described. The amount of reactive nitrogen is maximum at the location where CN is found, that is, above the annulus of enhanced growth. The CN LIF signal can therefore be used as an indicator for nitrogen incorporation into the diamond layer during the flamegrowth process. Protecting the flame from ambient nitrogen by an Ar coflow would considerably alter both the flame chemistry in the acetylene feather and the diamond-growth process and is not attempted. Controlled doping of the flame source gases with nitrogen is in progress.
Conclusions
Flame deposition of diamond by the oxyacetylene flame is a relatively simple and fast technique to grow diamond layers on small or curved surfaces. Yet the exact growth mechanism is not well known, and therefore, the LIF method is applied to the flame during diamond growth. Although quantification of the LIF signal is hampered by collisional quenching, the obtained signals of H, C 2 , and CN reveal much information about the diamond-growth process. A strong relation is observed between the distribution of H in the gas-phase boundary layer just above the diamond and the radial variation of the growth rate: the diamond growth rate matches the horizontal distribution of atomic hydrogen very well over the whole deposition area, except for the annulus of enhanced growth. This relation is already expected from theoretical calculations on diamond growth [12, [19] [20] [21] [22] . The growth rate of the annulus of enhanced growth is about twice what can be expected from the H signal in the gas phase. This can be explained by the presence of CN and related species above the annulus, which have an additional positive effect on the diamond-growth rate.
The horizontal distribution of C 2 just above the central region (Ϸ4 mm diameter) of the growing diamond layer resembles that of atomic hydrogen. A clear relation between C 2 in the gas phase and the growth rate of this central region has been observed. This relation confirms the importance of C 2 as a possible diamond precursor for the central region of the layer, in accordance with theoretical as well as experimental results of Gruen and coworkers [23] [24] [25] .
The observed relations between H, C 2 , and CN and the properties of the obtained diamond layers not only yield information on the growth process but also reveal that their signals are important indicators in the diamond deposition process. In order to adjust the process, the signals can be monitored, to obtain diamond layers with properties closer to desired for (industrial) applications. Whether nitrogen incorporation into the diamond layer is desirable depends on the particular application.
The observed morphology of the deposited diamond layers [5, 15, 16, 18, 29, 32] and the above-mentioned relations between CN, C 2 , and H and the diamond-growth rate, combined with the distribution of OH during diamond deposition (only present outside the acetylene feather [15] ), suggest that three separate regions can be distinguished in the gas phase above the diamond layer. The first region is the center of the flame, beyond the flame front, where all species, like C 2 , CH, H, H 2 , and CH 3 , are created by the combustion reactions. Above the growing diamond layer, this central region extends to but does not include the annulus of enhanced growth. The gas-phase composition of this central region determines the properties like growth rate, morphology, and impurity incorporation of the center of the diamond layer. The second region is the rim of the acetylene feather, where the influence of ambient air diffusing into the flame is important. Close to the substrate, this region is limited to the annulus of enhanced growth, whose characteristics are determined by both the flame source gases and the ambient atmosphere. In this region, atomic hydrogen can still be observed. The third region, containing species like OH, H 2 O, CO, and CO 2 , surrounds the acetylene feather. Diamond growth in this region is restricted by the decreasing carbon and hydrogen concentrations, and the diamond-layer characteristics are less dependent on the flame source gas composition than in the center and the annulus of enhanced growth. All three regions are of interest to diamond growth under the deposition conditions used in the present work, and the LIF method as applied gives direct simultaneous insight into these.
Nomenclature d
distance between tip of flame front and substrate S ac acetylene supersaturation v d diamond-layer growth rate
